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INTRODUCTION

For nearly ten and one-half years, NSG-7603 provided the basic support for a program
of solar system research at Lowell Observatory based on observation of occultations. This
wide-ranging program included design and construction of specialized instrumentation for
observation and prediction of occultations, development of techniques for identifying and
precisely predicting upceming coccultaticns, cbscrvation of cccultations from permanent
observatories and from remote sites around the world, and analysis of a variety of types of
occultation data. Among the more important scientific accomplishments resulting from this
program are: (1) direct measurement of size and shape for Ceres, Pallas, Juno, and seven
other asteroids, (2) firm proof of the existence of an atmosphere on Pluto, (3) measurement
of the mass ratio of Pluto and Charon, and (4) development of improved constraints of the
geometries of the Uranian Rings and Neptune’s ring arcs.

INSTRUMENTATION

In the course of this grant, three portable occultation observing systems were designed
and built. Each system consists of a 14-inch telescope, a two-channel photoelectric photome-
ter, and a high-speed data-recording system. These systems have been used successfully
throughout the life of this grant to observe occultations in the field at sites as distant as
northeastern Australia and central Mexico. Additionally, the photometers and data sys-
tems have been used for occultation observations on permanent telescopes in the United
States, New Zealand, Australia, and the Canary Islands. We take pride in the durability
and scientific productivity of this Lowell Observatory-designed instrumentation.

Also during the grant, a new 18-inch astrograph was developed at Lowell. This instru-
ment was constructed at low cost using government surplus optics and an existing telescope
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mount at the Observatory. Construction of the astrograph was funded by a grant from
the Perkin Foundation and by the private resources of the Lowell Observatory. NSG-7603,
however, was the primary beneficiary of the instrument. Since commissioning in 1985, this
telescope has been used effectively to refine predictions of asteroid occultations.

PREDICTIONS

Efficient techniques for identifying future occultations of stars by solar system objects
have been developed under this grant. From comparatively primitive beginnings restricted
to the SAO Star Catalog and a quite limited set of asteroids, we have devised software
for computerized searches of upcoming asteroid occultations. Qur predictions are now
published for two-year intervals, with the most recent search spanning a composite catalog
of 326,000 stars and complete for all numbered asteroids. We also publish predictions for
occultations by planets and selected satellites.

In addition to the catalog searches, we have performed limited searches based on
photographic plates taken either with our astrograph, the U. S. Naval Observatory 61-inch
telescope, or the Lick Double Astrograph. The most productive of these was the joint
Lowell-USNO-Lick program which resulted in the accurate prediction for the occultation
of P8 by Pluto on 9 June 1988.

ASTEROID OCCULTATIONS

While a wide variety of different types of occultations have been observed under this
grant, it is fair to say that we have chosen to emphasize prediction and observation of
occultations of stars by asteroids. During the grant we have observed ten such events,
including those involving Ceres, Pallas, and Juno. Accurate diameters and shapes derived
from these occultations have provided the basis for recalibration of the standard radiometric
model. Hence, much of the information we have on sizes of small solar system bodies is
ultimately based on the results from NSG-7603.

Two of the three asteroids whose masses are well known (Ceres and Pallas) are among
those whose sizes we have measured. Consequently, we have been able to derive the bulk
densities of these two bodies. An occultation by the third such asteroid, Vesta, was observed
a year ago under the follow-on grant to NSG-7603. All three asteroids have densities typical
of rocky material, although Vesta is somewhat more dense than the other two.

Another result of the successful observation of so many asteroid occultations has been
a realization of the scarcity of minor planet satellites. While such postulated objects were
in vogue at the beginning of this grant, the continued failure to detect them in subsequent
occultations has dampened the earlier enthusiasm.

A list of the asteroid occultations which we have successfully observed under this grant
is given in Table I.
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TABLE I. Asteroid Occultations Observed Under NSG-7603

Date Event Reference

11 Dec 79 AG+0°1022 by Juno Millis ef al. 1981

7 Oct 81 SAO 187124 by Thisbe Millis et al. 1983
15 Nov 82 AG+39°303 by Ursula Millis et al. 1984
22 Nov 82 AG+29°398 by Minerva Millis et al. 1985
26 Apr 83 BD+21°1797 by Europa Unpublished
29 May 83 1 Vulpeculae by Pallas Dunham et al. 1983
16 Sep 84 SAO 14599 by glaja Millis et al. 1989
13 Nov 84 BD+8°471 by Ceres Millis et al. 1987
11 Apr 85 AG+20°1138 by Antigone Unpublished

8 Dec 87 AG+40°783 by Bamberga Millis et al. 1989

PLUTO OCCULTATION

The most challenging occultation for which predictions have been seriously attempted
was the 9 June 1988 occultation of P8 by Pluto. We developed a strategy whereby a standard
field containing Pluto and P8 was photographed repeatedly over a period of weeks using
the USNO 61-inch Astrometric Reflector. A dense secondary reference net for this field
was provided by Arnold Klemola based on plates taken with the Lick Double Astrograph.
The USNO plates were measured at Lowell on the PDS microdensitometer and a predicted
ground track calculated by Lawrence Wasserman. When one remembers that the angular
diameter of Pluto is 0.11 arcsec and the semi-amplitude of its barocentric motion induced
by Charon is 0.13 arcsec, it is evident how difficult this prediction was. Figure 1 shows the
predicted ground track compared with that actually observed.

The occultation was actually observed at the eight sites marked in the figure. We
observed from one of these—Charters Towers—with one of our three portable systems. The
resulting lightcurve (Figure 2) showed that an extended atmosphere is present and that
the atmosphere contains either a haze layer or a steep thermal gradient. Analyses of these
observations are continuing.

A byproduct of the Pluto prediction effort has been an estimate of the Pluto—Charon
mass ratio. Evidence of Pluto’s barycentric motion is clearly evident in the USNO/Lowell
astrometry. Our initial interpretation of these data suggests that the Pluto-Charon mass
ratio is significantly less than 7—the value expected if the two bodies have equal densities
and the radii derived from the mutual events. Therefore, either Pluto is less dense than
Charon or Pluto is smaller than previously believed. Moreover, our results are not consis-
tent with the assumption, adopted in the mutual event analysis, that only Pluto varies in
brightness with rotational phase.
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Figure 1. The observed ground track of the 9 June 1988 occultation of P8 by Pluto. Filled
squares mark the eight sites where the occultation was observed. The dashed lines are at
the distance from the center of the track where the star light was reduced to 76% of its
unocculted level.

OTHER OCCULTATIONS

In addition to asteroid occultations and the occultation by Pluto, we have observed
several other types of events. In particular, we observed the 22 April 1982 occultation
by Uranus and the Rings from the British 1.5-meter telescope in the Canary Islands. We
also have observed two close appulses involving Neptune which helped place limits on the
extent and opacity of the ring arcs. Finally, in 1979 and 1985/86 we recorded over 100
Galilean Satellite mutual event lightcurves. These data were used by Kaare Aksnes and
Fred Franklin to significantly improve the orbits of the satellites.

REVIEW PAPERS

At the beginning of this grant, Millis co-authored (with J. L. Elliot) a review of the
asteroid occultation field for the classic volume, Asteroids. At the end of the grant, he co-
authored (with D. Dunham) a second review paper dealing with the same topic for Asteroids
II. Other occultation-related review papers by Millis appeared in the Proceedings of IAU
Symposium No. 118, Instrumentation and Research Programmes for Small Telescopes, and
in the Solar System Photomelry Handbook.
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Figure 2. The immersion and emersion lightcurves recorded by the Lowell expedition
to Charters Towers in northeastern Australia. Dashed curves represent isothermal model
lightcurves fitted to the observations above the haze layer.
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